Aims Nicotine dependence is a highly heritable disorder associated with severe medical morbidity and mortality. Recent meta-analyses have found novel genetic loci associated with cigarettes per day (CPD), a proxy for nicotine dependence. The aim of this paper is to evaluate the importance of phenotype definition (i.e. CPD versus Fagerström Test for Cigarette Dependence (FTCD) score as a measure of nicotine dependence) on genome-wide association studies of nicotine dependence. Design Genome-wide association study. Setting Community sample. Participants A total of 3365 subjects who had smoked at least one cigarette were selected from the Study of Addiction: Genetics and Environment (SAGE). Of the participants, 2267 were European Americans, 999 were African Americans. Measurements Nicotine dependence defined by FTCD score Ն4, CPD. Findings The genetic locus most strongly associated with nicotine dependence was rs1451240 on chromosome 8 in the region of CHRNB3 [odds ratio (OR) = 0.65, P = 2.4 ¥ 10
INTRODUCTION
Tobacco use is one of the leading causes of mortality world-wide. Because most regular smoking occurs in the context of nicotine dependence, nicotine dependence is frequently the focus of studies on tobacco use [1] . Among current smokers, approximately 60% are nicotinedependent based on the Fagerström Test for Cigarette Dependence (FTCD), a well-established scale for assessing nicotine dependence [2] . Evidence for genetic factors contributing to the risk of smoking behaviors and nicotine dependence is seen in the clustering of heavy smoking and nicotine dependence in families and the similarity of smoking behaviors in genetically identical twins [3, 4] .
Numerous studies have found an association between nicotine dependence and single nucleotide polymorphisms (SNPs) in the a5 nicotinic receptor gene, CHRNA5 [5] [6] [7] [8] [9] [10] [11] [12] . To maximize the power to detect genetic variants associated with smoking quantity (as an alternative to nicotine dependence), three large research consortia performed genome-wide association meta-analyses of cigarettes per day (CPD) in a combined sample of more than 75 000 subjects [13] [14] [15] . The strongest association was the variant in CHRNA5, with a combined P-value less than 1 ¥ 10 -70
. However, several other variants were discovered with genome-wide significance: variants near the nicotinic receptor subunit genes CHRNB3 and CHRNA6 on chromosome 8 (rs6474412, P = 1.4 ¥ 10 -8 , a region associated previously with other nicotine phenotypes [12, [16] [17] [18] [19] ), variants near the nicotine metabolizing enzyme genes CYP2A6 and CYP2B6 on chromosome 19 (rs4105144, P = 2.2 ¥ 10 -12
) and variants in a non-coding region located on chromosome 10q23 (rs1329650, P = 5.7 ¥ 10
-10
). Because genome-wide association studies (GWAS) have stringent P-value requirements, the issue of statistical power is highly relevant. Although most attempts at maximizing power in GWAS focus on increasing sample size, as in the above meta-analyses, power can also be increased by reducing phenotypic variance by increasing either precision of measurement or phenotypic homogeneity of the subjects.
Although CPD is the most common phenotypic measurement of smoking behavior, there is strong epidemiological evidence that the number of cigarettes smoked per day varies across cultures and ethnicities. For example, African Americans smoke fewer cigarettes than do European Americans [20] . However, the FTCD score, ranging from 0 to 10 where CPD can account for a maximum of four levels, defined as 1-10, 11-20, 21-30 or 31 or more, appears to be an invariant measure of nicotine dependence across ethnicities [20] . Therefore, we hypothesized that a GWAS with FTCD rather than CPD may have increased power to detect variants associated with nicotine dependence, especially in a multi-ethnic sample.
To clarify the relationship between FTCD-based nicotine dependence and CPD in the context of a GWAS, we defined FTCD-based nicotine-dependent cases and nonnicotine-dependent controls from the Study of Addiction: Genetics and Environment (SAGE), a multi-ethnic, casecontrol sample selected for alcohol dependence [21] . By including a diverse set of study participants, we have the opportunity to extend our investigation beyond the previous studies in European Americans, and specifically address the role that phenotype definition plays in genome-wide association studies.
METHODS

Data
This analysis uses a subset of subjects who have ever smoked from the SAGE, part of the Gene Environment Association Studies (GENEVA) program of the National Institutes of Health (NIH) Genes, Environment, and Health Initiative [22] . For the overall SAGE project, unrelated alcohol-dependent cases (n = 1897) and nonalcohol-dependent control subjects (n = 1937) were selected from three large, complementary data sets: the Collaborative Genetic Study of Nicotine Dependence (COGEND), the Collaborative Study on the Genetics of Alcoholism (COGA) and the Family Study of Cocaine Dependence (FSCD). Characteristics of the individual data sets are given in the supporting information (Table S3 ). The Institutional Review Board at each contributing institution reviewed and approved the protocols for genetic studies of substance dependence under which all subjects were recruited. Subjects provided informed consent for genetic studies and agreed to allow their genetic and phenotypic information to be shared with qualified investigators through NIH repositories. For each of the three studies, we describe the sampling schemes used to recruit subjects and select for genotyping.
COGEND
COGEND was designed as a community based casecontrol family study of nicotine dependence. The COGEND ascertainment protocol identified current smokers with nicotine dependence defined by an FTCD score Ն 4 (maximum score of 10); non-nicotinedependent subjects who had smoked at least 100 cigarettes and had a life-time FTCD score of zero were also recruited. All subjects were ascertained from Detroit and St Louis. Approximately 53 000 subjects were screened by telephone, 2800 were interviewed personally and nearly 2700 donated blood samples for genetic studies. The COGEND study contributed 275 nicotine-dependent cases and 1082 non-nicotine-dependent smoking controls to these nicotine dependence genetic analyses. Of these, 125 nicotine-dependent cases and 706 nonnicotine-dependent controls overlap with the samples used in Bierut et al. and Saccone et al. [5, 12] .
COGA
A case-control series of unrelated individuals was selected from more than 8000 subjects who participated in the genetic arm of COGA. COGA systematically recruited subjects from participating centers in Hartford, Connecticut; Indianapolis, Indiana; Iowa City, Iowa; New York City, New York; San Diego, California; St Louis, Missouri; and Washington, DC. For SAGE, cases met life-time criteria for DSM-IV alcohol dependence; the majority of cases were recruited from alcoholism treatment centers. Control subjects, biologically unrelated to cases, were individuals who consumed alcohol but never experienced any significant alcohol-or drug-related problems, as reported on the Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA). The COGA study contributed 649 nicotine-dependent cases and 553 nonnicotine-dependent smoking control subjects to the subsequent nicotine dependence genetic analyses.
FSCD
Cocaine-dependent cases were recruited systematically from chemical dependency treatment units in the greater St Louis metropolitan area. Community-based control subjects were identified through the Missouri Family Registry and matched by age, race, gender and residential zip code. Controls were biologically unrelated individuals from the same communities who consumed alcohol, but had no life-time history of dependence on any substance. FSCD contributed 370 nicotine-dependent cases and 436 non-nicotine-dependent smoking control subjects.
Nicotine dependence and smoking phenotypes
We used several approaches to define the most appropriate phenotype for the genetic association analysis of smoking. First, to enhance sample homogeneity, we eliminated 143 individuals who had substance dependence diagnoses other than nicotine dependence, alcohol dependence, alcohol and cocaine dependence or other substance abuse (except nicotine dependence). These 143 subjects are labeled as 'Other' in the SAGE files available through the database of Genotypes and Phenotypes (dbGaP; accession number phs000092.v1.p1).
We included all subjects who had ever smoked a cigarette. Cases were defined with an FTCD score of 4 or more and controls had an FTCD score Յ3, based on the dichotomous nicotine dependence phenotype used for COGEND. For our case definition, we also included 100 individuals who smoked on average more than a pack a day, but had a missing FTCD score. This is consistent with previous research that found that most individuals who smoke more than 20 cigarettes a day have an FTCD score of 4 or greater [8] . The final sample for association testing contains 1294 nicotine-dependent cases and 2071 nondependent controls who have smoked at least one cigarette (Table 1) .
A relatively large proportion of individuals in this sample have a diagnosis of alcohol dependence and/or cocaine dependence because the COGA and FSCD studies were designed to examine these disorders. This reflects the elevated rates of nicotine dependence in individuals with comorbid substance dependence conditions. CPD is an alternative phenotype for smoking behavior that has been studied in previous GWAS. To evaluate CPD, a 4-point ordinal scale was created: at most 10 cigarettes daily, 11-20 cigarettes daily, 21-30 cigarettes daily and more than 30 cigarettes daily. This phenotype has been used in other studies [9] . We used this to examine further our top GWAS finding.
Genotyping and data cleaning
As part of GENEVA, DNA samples were genotyped on the Illumina Human 1M-Duo beadchip by the Center for Inherited Disease Research (CIDR) at Johns Hopkins University.
The Illumina 1M-Duo array has a total of 1 072 820 probes, of which 23 812 are 'intensity-only', leaving 1 049 008 probes as SNP assays. These SNP assays demonstrate excellent data quality-95% of SNPs have a missing call rate <1.4% and the median of the missing call rate is 0.05%. A thorough data cleaning procedure was applied to ensure the highest possible data quality, including the use of HapMap controls, detection of gender and chromosomal anomalies, hidden relatedness, population structure, missing call rates, batch effects, Mendelian error detection, duplication error detection and Hardy-Weinberg equilibrium [22] . Of the 1 049 008 SNPs, 948 658 SNPs passed data cleaning procedures. Further details are provided in the comprehensive data cleaning report posted on the GENEVA website (http://www.genevastudy.org/docs/GENEVA_ Alcohol_QC_report_8Oct2008.pdf).
Population stratification
The composition of the samples in terms of self-identified ethnicity was 2267 European Americans (self-reported 'white'), 99 Hispanic Americans and 999 African Americans (self-reported 'black'). Subjects who self-identified as both African American and Hispanic were labeled as African Americans.
We used the software package EIGENSTRAT [23] to calculate principal components reflecting continuous variation in allele frequencies, representing ancestral differences in subjects. Two principal components were identified. The first distinguished African American from European American participants, and the second distinguished Hispanic from non-Hispanic subjects. These scores were included to control for effects of population stratification. In addition, we used self-reported ethnicity (European American, African American or Hispanic) as a categorical variable and compared results with those using the first two principal components.
Statistical analyses
Two genome-wide association analyses were conducted in PLINK [24] . The first used logistic regression with nicotine dependence as the dependent variable, and the second used linear regression with CPD as the dependent variable. Genotypes were coded log-additively (0, 1, 2 copies of the minor allele). Covariates representing sex, age [defined, using quartiles, as 3 indicator variables representing 34 years and younger (reference), 35-39 years, 40-44 years and 45 years and older], self-reported ethnicity and alcohol and cocaine dependence (the diagnoses used to ascertain subjects for the original COGA and FSCD studies) were included.
The QQ-Plot of the association between nicotine dependence (FTCD Ն 4) and the 948 658 SNPs may be seen in Fig. S1 of the supporting information. The lambda value is 1.02, reflecting adequate control of population stratification using self-reported ethnicity. The Manhattan plots for the two analyses are shown in Fig. S2 of the supporting information.
To evaluate the robustness of the findings, we analyzed the association between rs1451240 and several smoking phenotypes (CPD and FTCD, coded as a continuous variable in linear regression, dichotomous variable in logistic regression and ordinal variable in ordered logistic regression). In addition, we modified the inclusion criteria to include only individuals who smoked regularly to determine whether or not this changed the results.
We performed a meta-analysis of the independent subset of this study using Metal [25, 26] . The primary sample we used comprised the 2590 subjects who were not included in the previous GWAS of nicotine dependence [5] . These results were combined with the published odds ratio (OR) and corresponding statistics from the association study in 1610 subjects from Saccone et al. [27] .
We graphically evaluated linkage disequilibrium and GWAS P-values using the software WGAviewer (http:// people.genome.duke.edu/~dg48/WGAViewer/) [28] .
Population-based analysis of smoking phenotypes
To clarify discrepancies between results obtained using FTCD-based nicotine dependence and results obtained with CPD, we compared FTCD with CPD in a populationbased sample. As part of recruitment to the COGEND study, subjects were selected randomly from the St Louis region using the Missouri Family Registry, sent a letter, and telephoned [3, 12] . To evaluate the relationship between the phenotypes of CPD and the FTCD score, of the 28 658 subjects who completed the telephone screening, we selected the 14 343 subjects who had smoked at least 100 cigarettes in their life-time and calculated the correlation between FTCD and CPD. We also calculated the polychoric correlations between the FTCD score components and CPD.
RESULTS
The region most strongly associated with nicotine dependence in this study is represented by 14 SNPs in a 40-kb region on chromosome 8 (Table 2) , with a single bin reaching genome-wide significance (P < 5 ¥ 10
). The most significant SNP is rs1451240 (OR = 0.65, P = 2.4 ¥ 10 ). In contrast with the results from nicotine dependence, the GWAS using CPD as the dependent variable did not find any SNP to be significantly associated at a genome-wide level (Fig. 1) .
The CHRNB3 region of chromosome 8 in general, and this signal in particular, has been associated previously with CPD, but of the many genome-wide association studies using CPD as the primary phenotype [7, 9, 15, 29] , the only previously published genome-wide significant association with this region has been in a large metaanalysis including over 75 000 subjects [15] . Specifically, rs1451240 has an r2 of 1.0 (based on 1000 genome pilot 1 data, CEU) with the two chromosome 8 SNPs published in the meta-analysis. To clarify the difference between our study of only 3365 subjects and the large meta-analysis, we examined the effects of phenotype definition, ethnicity and comorbid diagnoses on the association with this SNP.
There are two primary differences between the FTCD definition of nicotine dependence and CPD: (i) nicotine dependence is based on a 10-point FTCD scale computed from six items including CPD, and (ii) nicotine dependence is a dichotomous variable whereas CPD is an ordinal variable. Therefore, we created four phenotypes for evaluation: dichotomous nicotine dependence, dichotomous CPD, ordinal FTCD score and ordinal CPD. Using each of Table 2 The top 10 associated SNPs from the GWAS analysis of nicotine dependence. these phenotypes, we looked at the association with rs1451240 in multiple stratifications of the data: gender, ethnicity, age and comorbid substance dependence (Table 3) . A substantial decrease in power is noted both with the conversion of nicotine dependence to a dichotomous CPD phenotype and with the conversion of nicotine dependence to an ordinal FTCD variable. This loss of power is consistent across strata: within nearly every stratum of gender, ethnicity, age and comorbid diagnosis, the strongest association with rs1451240 is seen in the nicotine dependence phenotype. Indeed, tests of proportional odds for both CPD and FTCD scores indicate that there is a threshold effect (P < 0.0001 in both cases). Further, varying the definitions of cases and controls does not seem to impact the results (supporting information, Tables S1 and S2 ). There does not appear to be an effect of gender or comorbid substance dependence on the strength of the association. However, the strength of this difference varies across ethnicity and age. Specifically, despite the fact that the FTCD-based definition of nicotine dependence appears to have an equivalent relationship to rs1451240 across ethnicities, the relationship between this SNP and CPD is much weaker in African Americans (b = -0.03, P = 0.35) than in European Americans (b = -0.11, P = 0.0005). This supports theories that nicotine dependence in African Americans is not captured fully by CPD, probably related to observations that nicotine-dependent African Americans smoke fewer CPD than do European Americans [20] . The equivalence of these ORs across ethnicities is striking, especially given that the allele frequencies differ widely in the two groups. For example, the ' A' allele of rs1451240 has frequencies of approximately 25% in European American controls and 70% in African American controls. The phenomenon of similar ORs across ethnicities despite different allele frequencies is considered further evidence of a true biological association [30] .
SNP
To clarify the relationship between CPD and FTCDbased nicotine dependence, we evaluated the correlation between total FTCD score and CPD. In a population sample of subjects from Missouri who had smoked at least 100 cigarettes, the correlation between FTCD and CPD was 0.81 in European Americans (n = 11 312) and 0.71 in African Americans (n = 3031). The FTCD items related to early-morning smoking had the lowest tetrachoric correlations with CPD, both in European Americans (0.35) and African Americans (0.32): item 3: 'which cigarette would you hate most to give up (first morning cigarette)?' and item 5: 'do you smoke more frequently during the first hours after waking than during the rest of the day?'. In a population sample of Missouri smokers, the correlation between CPD and early-morning smoking was 0.69 in EA (n = 11 286) and 0.58 in AA (n = 3028). FTCD has been described previously as a two-dimensional phenotype characterized by (i) CPD and (ii) early-morning smoking [31] . The association between early-morning smoking and rs1451240 is given in the supporting information (Table S2 ). These results suggest that studies using CPD as a phenotype may be missing this important component of nicotine dependence. Furthermore, this discrepancy appears to be of particular relevance in populations of African descent.
Our analysis of the association between nicotine dependence and the SNP rs1451240 was combined into a meta-analysis with an independent study of nicotine dependence [12] . The previously published study had some subjects who overlapped with the current study. Using the published OR from this study, and eliminating the overlapping subjects from our current study, we computed a meta-analysis P-value of 6.7 ¥ 10 -16 (n = 4200 subjects); further evidence that this association is, indeed, real.
DISCUSSION
We compared two GWAS of smoking behavior to evaluate the importance of phenotype in GWAS. We found SNPs on chromosome 8 in the region of CHRNB3 that reached genome-wide significance in their association with nicotine dependence, but did not reach genome-wide significance in the GWAS using CPD as a dependent variable. Interestingly, the association was stronger in our combined sample of 4200 (P = 6.7 ¥ 10
) than in the metaanalysis of CPD with a combined sample of more than 75 000 subjects (P = 1.3 ¥ 10 -8
) [15] . We attribute this discrepancy to the use of an FTCD-based definition of nicotine dependence rather than CPD.
It is important to note that although the correlation between FTCD and CPD is relatively high, the slight change of phenotype from FTCD-based nicotine dependence to CPD changes the results of the study. This has implications in other fields of medicine, implying that a small change in phenotype may expose previously undiscovered variants, and these variants may have specific roles in distinguishing differences between the two phenotypes. Rather than focusing only on increasing the sample size via meta-analyses, this study shows that samples with precise phenotypes may find previously undiscovered variants by conducting association studies using secondary phenotypes.
We specifically examined the relationship between FTCD and CPD to clarify the discrepancy between our FTCD-based results and CPD-based results. Specifically, FTCD includes measures for early-morning smoking that are not well captured by CPD. The difference between these phenotypes may be explained by the contrast in African Americans: although the odds ratios for the SNP using the FTCD-based definition of nicotine dependence are identical in European Americans and African Americans, the effect size for the regression onto CPD is subjectively smaller in African Americans than in European Americans (although not statistically significantly smaller). The inconsistent measurement of CPD compared to FTCD has been described previously in the literature [20] .
It is interesting to note that the FTCD phenotype is strongest as a dichotomous variable, and the highly significant test for proportional odds indicates that the relationship between nicotine dependence and this region is a threshold phenomenon. This suggests that the relationship between CHRNB3 and smoking behavior may be more related to specific component of nicotine dependence rather than smoking quantity.
A second characteristic of our data set that differs from previously published studies is the enrichment of our sample for substance dependence. Although we did not see a statistical interaction between comorbid diagnosis and the genetic association, our sample was ascertained primarily for substance dependence (alcohol and cocaine). Of interest, the relationship between this region and alcohol dependence has been noted in the literature [21, 32, 33] . This highlights the complex relationship between comorbid substance use disorders and genetic susceptibilities. Further, although this analysis shows a GWAS-significant association with FTCD-based nicotine dependence that was also seen in a large meta-analysis using CPD as the primary phenotype, it would be interesting to examine the association with this variant in other data sets that have measured FTCD.
Our study highlights a variant associated with nicotine dependence that is more strongly associated with an FTCD-based definition of nicotine dependence than the more common phenotype of CPD. This serves as a striking example of how small changes in phenotype can expose new genetic variants associated with disease.
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